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Proteomic Profiling of a Snake Venom
Using High Mass Detection MALDI-TOF
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Proteomic profiling involves identification and quantification of protein components in
complex biological systems. Most of the mass profiling studies performed with matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) have been
restricted to peptides and small proteins (�20 kDa) because the sensitivity of the standard ion
detectors decreases with increasing ion mass. Here we perform a protein profiling study of the
snake venom Sistrurus miliarius barbouri, comparing 2D gel electrophoresis and reversed-phase
high-performance liquid chromatography (HPLC) with a high mass cryodetector MALDI-TOF
instrument (Macromizer), whose detector displays an uniform sensitivity with mass. Our
results show that such MS approach can render superior analysis of protein complexity
compared with that obtained with the electrophoretic and chromatographic approaches. The
summation of ion impacts allows relative quantification of different proteins, and the number
of ion counts correlates with the peak areas in the reversed-phase HPLC. Furthermore, the
sensitivity reached with the high mass cryodetection MS technology clearly exceeds the
detection limit of standard high-sensitivity staining methods. (J Am Soc Mass Spectrom 2007,
18, 600–606) © 2007 American Society for Mass Spectrometry
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Protein profiling has become a powerful method
for analyzing changes in global protein expres-
sion patterns in biological systems as a function

of developmental, physiological, and disease processes.
Two-dimensional (2D) gel electrophoresis has been
established for many years as the primary tool for
detecting proteins present in an organism or a complex
biological extract. However, 2D gel electrophoresis has
some limitations: limited solubility of hydrophobic and
membrane proteins, limited dynamic range, difficulty
in focusing highly basic and acidic proteins, poor
sensitivity, poor quantitation, and finally, the method
is not amenable to automation. The limitations asso-
ciated with gel electrophoretic analysis of peptides
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and small proteins (�20 kD) have stimulated interest
in mass spectrometry as an alternative strategy. In
this sense, MALDI-TOF mass spectrometry has par-
tially replaced or complemented gel-based ap-
proaches for studying the proteomic profile of the
low mass components of many complex biological
samples such as serum [1] or tissues [2]. Imaging MS
[2] and chip-based technologies such as surface-
enhanced laser desorption/ionization (SELDI-MS) [3]
are relatively new approaches that take advantage of
the established features of MALDI MS (mass accu-
racy, sensitivity, reliability, and high-throughput) to
detect and identify peptides and proteins. Also, 1D
and 2D liquid chromatography coupled to detection
systems such as UV and/or MALDI, have been
gradually introduced for the analysis and profiling of
intact (top down proteomics) [4, 5] and digested
proteins (bottom up proteomics) [6] in complex bio-
logical mixtures. MALDI is a soft ionization method
and produces predominantly singly charged molecu-
lar ions regardless of the molecular weight. Hence,

the spectra are relatively easy to interpret.
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Up to now, most of the profiling studies carried out
using MALDI-TOF mass spectrometry have been per-
formed using instruments with standard ion detectors,
such as microchannel plates (MCP), which work by
ion-to-electron conversion following the impact of high
velocity ions on the detector surface, initiating an elec-
tron cascade. However, the conversion efficiency is
extremely low for large, low velocity ions, and an
exponential decrease in efficiency can be readily ob-
served at higher masses [7, 8]. Additionally, MCP
channels have a very slow refresh time, about several
milliseconds. This means that when an ion impacts a
channel, it is turned off for the duration of the analysis
(microseconds). When measuring complex samples that
contain ions over a broad mass range, the lower inten-
sity ions will saturate some channels of the detector,
preventing the analysis of the higher ions, again leading
to a decrease in sensitivity for larger mass ions [9]. As
an alternative, cryodetection is an ion detection method
that does not suffer from a decrease in sensitivity for
high m/z ions or from a decrease in sensitivity from
complex samples [10, 11]. The capacity of the cryode-
tector technology [12], or recently proposed equivalent
substitutes [13] for intact protein analysis of highly
complex protein mixtures, with uniform sensitivity,
independent of mass, provides a new opportunity to
establish MALDI mass spectrometry in the field of
protein profiling for all mass ranges.

In the present work, we demonstrate the protein
profiling of crude snake venom from Sistrurus miliarius
barbouri using cryodetection MALDI TOF mass spec-
trometry. The results were compared with those ob-
tained by Juarez et al. [14] using 2D gel electrophoresis
and reversed-phase HPLC liquid chromatography (LC),
highlighting the sensitivity of cryodetection and its ability
for relative quantification of different analytes in the same
spectrum. Overall, we demonstrate the power of this new
technology to be implemented as a mass spectrometry-
based quantitative proteomic profiling strategy.

Experimental

Cryodetection MALDI-TOF MS

A linear MALDI-TOF mass spectrometer equipped with
a cryogenic superconducting tunnel junction array de-
tector (VTT Technical Research Center of Finland, Es-
poo, Finland) was used for this study (Macromizer,
Comet AG, Flamatt, Switzerland) [the Macromizer in-
strument is no longer commercially available.] The
Macromizer instrument is designed to optimize ion
transmission onto the small area of the cryodetector
array. Every part of the instrument, including all nec-
essary ion optics, laser, and electronics, were designed
to enhance detection of high mass ions. For ionization,
a 337 nm nitrogen laser (VSL 337ND-S, Spectra-Physics,
Mountain View, CA), capable of producing energies up
to 90 mJ with 4 ns pulse widths at 5 Hz repetition rate

is focused to a spot size of �0.1 mm. A detailed
description of the Macromizer design is given by
Wenzel et al. [12]. For the work described in this paper,
15 kV sample plate voltage, 3 kV extraction voltage, 8
kV Einzel lens voltage, and 4 �s delayed extraction time
were used. Spectra were acquired by averaging 200
to 250 shots and processed using the Data Analyzer
software (Comet).

MCP MALDI-TOF MS

MALDI mass spectra using a microchannel plate (MCP)
detector were obtained using an Ultraflex MALDI-TOF
mass spectrometer (Bruker Daltonics, Bremen, Ger-
many) equipped with a 337-nm nitrogen laser, a grid-
less ion source, delayed-extraction (DE), and a 2-GHz
digitizer. The instrument was operated in linear mode
by applying an acceleration voltage of 20 kV. The delay
time used was 500 ns. Mass spectra were acquired by
averaging 300 to 400 shots.

Sample Preparation

The matrix 2,6-dihydroxyacetophenone (Fluka Chemie,
Buchs SG, Switzerland) was dissolved at a concentra-
tion of 10 mg/mL in 30% ACN/20 mM ammonium
citrate in water. Lyophilized venom from Sistrurus
miliarius barbouri was purchased from Latoxan Serpen-
tarium (Rosans, France). Lyophilized venom was dis-
solved in water and insoluble material was removed by
centrifugation at 13,000 g for 10 min at room tempera-
ture. The sample was diluted to a desired concentration
with water, mixed at a 1:1 vol/vol ratio with matrix
solution and 0.5 �l of this solution was applied onto the
MALDI target plate with the dried-droplet method [15].

2D SDS PAGE

Protein composition of lyophilized venom from Sistru-
rus miliarius barbouri was analyzed by 2D-SDS-PAGE
using an IPGphor instrument (Amersham Biosciences,
Uppsala, Sweden). For the first dimension (IEF), 500 to
1000 �g of total venom proteins (in 250 �l of 8 M urea,
4% CHAPS, and 0.5% IPG buffer) were loaded on a 13
cm IPG strip (pH range 3 to 10) using the following
focusing conditions: 30 V for 6 h, 60 V for 6 h, 500 V for
1 h, 1000 V for 1 h, and 8000 V for 2 h. Electrophoretic
separation (second dimension) was done in a 16 cm 15%
acrylamide gel. Coomassie brilliant blue (Amersham
Biosciences, Uppsala, Sweden) was employed for pro-
tein staining.

Reverse Phase HPLC

For reverse-phase HPLC separations, 2 to 5 mg of crude
venom were dissolved in 100 �l of 0.05% trifluoroacetic
acid (TFA) and 5% acetonitrile, and insoluble material
was removed by centrifugation at 13,000 g for 10 min at
room temperature. Proteins in the soluble material were

separated using an ETTAN LC HPLC system (Amer-
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sham Biosciences, Uppsala, Sweden) and a Lichro-
sphere RP100 C18 column (250 � 4 mm, 5 �m particle
size) eluted at 1 mL/min with a linear gradient of 0.1%
TFA in water (Solution A) and acetonitrile (Solution B)
(isocratically (5% B) for 5 min, followed by 5 to 15% for
20 min, 15 to 45% B for 120 min, and 4 to 70% B for 20
min). Protein detection was at 215 nm.

Results and Discussion

Quantitative Profiling of the Snake Venom

The increased sensitivity for detection of high mass ions
using the cryodetection MALDI-TOF mass spectrome-
ter is shown in Figure 1a. The spectrum is displayed
divided into 5 to 35 kDa and 35 to 110 kDa ranges for
easier visualization, although it was acquired in a single
acquisition. It shows a mass-independent signal re-
sponse, further validated when compared with the
HPLC peak areas (see later on and Figure 2a, b, c and
Table 2). In contrast, when analyzing the same sample
with a conventional MCP detector the spectrum clearly
displays a dramatic signal decrease with increasing
mass. Furthermore, fewer ion signals are observed with
the MCP detector, thus not representing the same

Figure 1. High-mass cryodetection (a) and mic
S. miliarius barbouri venom extract. 0.8 �g of total
previous fractionation. Numbers in brackets i

identified [14].
complexity of the biological sample observed by cryo-
detection MS. Figure 1b shows one of the best mass
spectra that we could achieve to get a mass profiling
including high mass peaks with the MCP detector from
our Ultraflex MALDI-TOF instrument (see the Experi-
mental section). All parameters were optimized and
replicates were done on different days.

The crude venom of Sistrurus miliarius barbouri was
fractionated by reverse-phase HPLC (Figure 2a). The
characterization of the proteins present in each frac-
tion was previously done by Juarez et al. [14], using
SDS-PAGE, MALDI-TOF MS, Edman degradation
(N-terminal sequencing), and tandem mass spectrome-
try in a quadrupole-linear ion trap instrument (data not
shown). Isolated proteins could be unambiguously as-
signed to protein families present in the Swiss-Prot/Tr
EMBL database [14]. Some representative examples are
included in Table 1. Separation of the protein compo-
nents of the crude venom extract by 2D gel revealed the
presence of four or five major protein spots (Figure 2b),
and the presence of isoforms for the serine protease
(protein 2) [14].

An additional feature of cryodetector MS is its capa-
bility to measure total kinetic energy, not just the arrival

nnel plate (b) MALDI-TOF mass spectra of the
in was deposited onto the MALDI plate without
te proteins shown in Table 1 and previously
rocha
prote
ndica
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time of the different ions. Energy is determined for each
ion impact and is displayed as normalized kinetic
energy versus m/z ratio. Figure 2c shows the energy
versus m/z scatter plot of data represented in Figure 1a.
The total number of ion counts in the 5 to 120 kDa mass
range was 64,459. Ion counts for individual proteins of
the extract and their respective percentage and relative
values were also calculated (see Table 2). A key finding
is the excellent correlation between the chromato-

Figure 2. Separation of S. miliarius barbouri
two-dimensional gel electrophoresis (b). Total v
13 cm IPG strip followed by SDS in a 15% acryla
versus the normalized kinetic energy of each imp
in Table 1 and previously identified [14].

Table 1. Assignment of the reversed-phase isolated fractions of
sequencing and MALDI-TOF mass spectrometry ([14])

HPLC fraction N-terminal sequencing

1 HLIQFETLIMKIAGRSGVFW
2 VIGGNECNINEHRSL
3 NPEHQRYVELFIVVD
4 Blocked
a
Apparent molecular mass determined by SDS-PAGE after sample reduction
graphic relative peak areas (Figure 2a), followed at 214
nm, and the relative ion counts of each protein within
the cryodetector MS (see Table 2). Ultraviolet absor-
bance at 214 nm is widely recognized as a quantitative
tool to determine the relative abundance of proteic
components in a sample, with an accuracy of the same
or superior level as gel electrophoresis with chromo-
genic staining. Although the latter, in the 2D mode, also
correlates qualitatively, accurate quantitation of the

m proteins by reverse-phase HPLC (a) and
proteins (1000 �g) were subjected to IEF using

(16 cm). Scatterplot of individual ion events m/z
c). Numbers in brackets indicate proteins shown

urus barbouri venom to protein families by N-terminal Edman

Isotope-averaged
MALDI-TOF mass (�0,2%) Protein family

13980 Phospholipase A2
27 kDaa Serine proteases
23 kDaa PI-metalloprotease
48.5 kDaa PIII-metalloprotease
veno
enom
mide
act (
Sistr
with �-mercaptoethanol.
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spots is cumbersome and very dependent of the capa-
bility of the protein species to bind the chromogenic dye
used for staining [16]. As examples, the protein 4 of 48.5
kDa (PIII metalloprotease) seems to be the most abun-
dant protein in our analysis, both in the mass spectrum
and RP-HPLC (Figures 1a and 2a). This protein repre-
sents 5.3% of the total number of ions detected by
cryodetector MALDI-TOF. Relative peak areas for pro-
teins 1 and 3, PLA2 (phospholipase A2) and PI- metallo-
proteinase from the RP-HPLC also fit quite well with the
relative ion counts derived from the cryodetector MS data
(see Table 2). For protein 2 (serine protease), different
isoforms appear in adjacent chromatographic peaks as
previously described [14], and the peak areas have been
integrated as one value that also fits very well with the ion
counts of the cryodetector MS (see Table 2).

One of the main disadvantage of cryodetection
MALDI-TOF is its relatively low-resolution for the
present mass spectrometric instrument. This is mainly
due to the STJ, which is an inherently slow detector [12],
together with the fact that Macromizer is a linear TOF
instrument (equipped with a 1.5 m drift region), and the
delay pulse extraction over a wide mass range is
generally problematic or impossible. These issues, for
the time being, may prevent the detection of isoen-
zymes with very similar molecular mass until such
technical constraints are solved. This is the case of the
different isoforms of a serine-protease (protein 2 in this
work) previously identified by Juarez et al. [14].
Whereas the 2D-gel and the RP-HPLC show spots with
different pI and the very similar MW and adjacent
peaks in the RP-HPLC chromatogram, respectively (see
Figure 2a, b), the heterogeneity of isoforms (peak at
�27.4 kDa) cannot be resolved as individual species
from the cryodetection MALDI-TOF mass spectrum of
Figure 1a and the energy versus m/z scatter plot of
Figure 2c. On the other hand, the high mass ion
complexity (50 to 120 kDa) observed with the cryode-
tection MALDI-TOF could neither be detected with
RP-HPLC nor with the 2D gel electrophoresis. In the
case of the RP-HPLC, it would be explained because the
characteristic reversible adsorption/desorption of ana-
lytes (by adjusting the polarity of the mobile phase) on
the reversed-phase chromatography becomes some-

Table 2. Relative peak areas and ion counts values are the ratio

Protein

HPLC

Areaa Peak area (%)
Relat

peak a

1 6.019,618 17.04 0.7
2 7.046,113 19.95 0.8
3 3.911,487 11.07 0.4
4 7.855,834 22.23 1

aTotal area (mAU/ml): 50.394,5.
bTotal ion counts: 64.459.
times irreversible with high mass proteins (�50 kDa)
due to their high hydrophobicity (specially using C18
and C8 ligands).

Sensitivity of High-Mass Cryodetection
MALDI-TOF MS

High sensitivity is a crucial aspect of proteomics re-
search. To date, the available stains for visualizing
proteins in a 2D gel yield relatively poor sensitivity or
poor peptide recovery for mass spectrometric investi-
gation of in-gel digests. In addition, the limited dy-
namic range of these stains has made it difficult to
rigorously and reliably determine differences in protein
quantities (especially for silver staining). Figure 3
shows the energy versus m/z scatter plot of the snake
venom extract at decreasing amounts of total protein.
While the detection limit for a single protein using (MS
compatible) silver staining lies at around 40 ng [17],
cryodetection MS seems to be at least 10 times more
sensitive. Previous cryodetector research showed sensi-
tivities as low as 1 femtomole for a single protein
sample of an antibody [18]. Limits of detection were
defined as the lowest concentration points for which
signals were still reproducibly detected with a signal-
to-noise ratio �2. Figure 3 shows how the total number
of ion counts is decreasing to the amount of total
protein deposited onto the MALDI plaque, but the ion
count percentage of single proteins is maintained inde-
pendently of their mass (see Table 3). Only a few
proteins above 60 kDa could not be detected at very low
concentrations of total protein. The detection limit for a
feasible relative quantification of different proteins in
this sample with the Macromizer instrument was estab-
lished as 10 ng of total protein. It is worth mentioning
that there is under advanced development a new gen-
eration of related high mass MALDI-TOF detector, the
ICD, which does not require the cryostat and shows a
very similar sensitivity (and signal uniformity) along a
broad mass range with protein samples similar to the
ones here analyzed [13].

Conclusions

In the present study, two completely different

ch protein value to the highest one (i.e., protein 4)

Cryodetection MALDI-TOF MS

Ion countsb Ion counts (%)
Relative

ion counts

2181 3.38 0.63
3276 5.08 0.95
1566 2.42 0.45
3447 5.34 1
of ea

ive
rea

6
9
9

MALDI-TOF mass spectrometers were used to com-



605J Am Soc Mass Spectrom 2007, 18, 600–606 PROTEOMIC PROFILING USING MALDI-TOF MS
pare their performance exploring the mass profiling
of a snake venom extract, fitted with two different
detectors, either the currently used MCP or a high-
mass cryodetector. Although the main difference
concerns their detectors, otherm/z biases in the instru-
ments (e.g., different ion transmissions) cannot be
disregarded.

Figure 3. Scatter plot of individual ion events
energy of each impact; 100, 30, 20, and 10 ng of t
plaque.

Table 3. Ion count percentage of single proteins at decreasing a

Total protein (ngr.) Total counts

Perc

7–8

100 9895 12.79
30 6355 13.13
20 6638 10.03
10 2475 22.26

Average 14.55
Std. dev. 5.32

Coef. variation 36.55
The snake venom extract is not an extremely com-
plex biological sample, so we have taken advantage of
the mass-independent protein detection and very high
sensitivity of cryodetection MS to obtain one of the most
complete mass profiling to date of this biological
(crude) extract without any previous fractionation step.
Obviously, we cannot assert that it is the true sample

high-mass cryodetector, m/z versus the kinetic
enom proteins were deposited onto the MALDI

ts of total protein

ge of individual proteins from total protein by ion signal
at specific mass ranges (kDa)

11.5–12.2 14–15 23–24 49–51

1.26 6.08 5.50 6.44
1.74 7.94 6.89 10.63
1.79 8.24 6.83 10.36
2.02 10.10 7.11 8.48
1.70 8.09 6.58 8.98
0.31 1.64 0.72 1.94
in the
otal v
moun

enta
18.65 20.31 11.07 21.62
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complexity as there may be protein species present in
the sample that are at levels too low to be visualized.
However, if this is the case, neither 2D-gel electrophore-
sis nor HPLC data seem to detect them.

Theoretical and practical considerations [12], and
assuming absence of bias in ion transmission, lead to
the conclusion that STJ ion counts, displayed as normal-
ized kinetic energy versus m/z ratio, represents the
closest true ion yield of the MALDI process. This shows
the potential of cryodetection MALDI-TOF MS (or
equivalent next generation high mass detectors) as a
promising tool for mass spectrometry-based quantita-
tive proteomic profiling strategies. Considering that in
such instruments signal suppression effects due to the
detector are absent, quantification of the protein content
using MALDI mass spectrometry will only depend on
the relative ionization efficiencies of the different com-
pounds within a complex mixture, again assuming
absence of bias in ion transmission. For this reason,
complementary previous fractionation and separation
procedures should be performed in future proteomic
strategies to increase the ionization efficiency of as
many proteins as possible.

Although over the last several years there have been
many advances for mass spectrometry in ionization
methods, mass separation, and fundamental under-
standing, one of the most important steps in this
process, the detection of ions, has remained virtually
unchanged. The present study demonstrates that novel
detection technologies, exemplified by high-mass cryo-
detection, may open up new strategies and applications
for mass spectrometry in high-throughput proteomic
projects.
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